Introduction
Catalytically assisted combustion can greatly improve the performance of combustion devices and aid the development of new energy generation technologies. For the past 3 decades, over 85% of the global energy demand has been supplied by combustion sources ͓1͔. Considering such large usage, improvements in combustion efficiencies and pollutant emissions will have a dramatic impact on our efforts toward extending existing fuel resources and transitioning to sustainable energy while reducing environmental impact. Catalysts can allow lower-temperature combustion, which directly reduces some pollutants, such as nitric oxides ͑NO x ͒, as well as improve the overall conversion efficiency, stability, and range of operating conditions ͓2͔.
Catalysts are particularly important to the development of small scale combustion devices. Despite the large energy density of hydrocarbon fuels, combustion at small dimensions with high surface-to-volume ratios often suffers from excessive heat losses that prevents sustained exothermic reactions. Surface reactions can overcome these challenges by increasing reaction rates at lower temperatures and by extending the range of stable combustion. However, the quantitative benefit of surface reactions on combustion properties, such as extending flammability limits for practical device operating conditions, remains uncertain primarily due to the uncertainties in the homogeneous and heterogeneous reaction rate chemistries. Catalyst chemistry also introduces uncertainties due to variability in surface properties.
The overall objective of this research program is thus to broaden our fundamental understanding of the interactions between gas-phase and surface combustion in a well defined combustion system and to use such knowledge to improve combustion performance. This work specifically explored the feasibility of using catalysts to extend the lean extinction limits of methane and propane fueled flames and to quantify the surface reactivity for conditions when no flame is present.
The stagnation-flow reactor used in this work is particularly well suited to fundamental studies of catalyst performance, as the stagnation-flow reactor allows independent control of the characteristic time scales for chemical reaction and flow. The stagnationflow reactor simplifies temperature and species profiles to nominally one dimension where the thermal and concentration gradients occur in the axial direction only. The gas residence time on the surface and surface reaction rate can be independently controlled by the flow velocity and surface heating, respectively. The stagnation surface also provides a physical support, which can be used to examine a broad range of catalyst materials and properties, and many types of catalyst/fuel combinations can be tested in such a system. In the present study, the stagnation plane was chosen to be either platinum or silicon, so the effects of surface reactions can be quantitatively compared relative to two levels of surface reactivity ͑where the silicon surface is considered as a reference condition with negligible surface reaction͒. The lean extinction limits and surface reactivity were examined for a range of parametric conditions of surface heating, mixture equivalence ratio, and strain rates. For each set of experimental conditions, both catalytically active and baseline systems were examined.
Scientific Background
There are two processes ͑surface reaction kinetics and gasphase species diffusion͒ that can limit the heterogeneous reaction rate. Pfefferle and Pfefferle ͓3͔ among many other sources discussed the relative contributions of these processes. The transition from surface-kinetics-limited to diffusion-limited operation of a catalyst sometimes yields an observable step change in behavior. For example, as the temperature of the inlet reactant flow on a catalytic reactor is increased, the catalyst temperature may show a large increase in temperature as the reaction limitation transitions from surface kinetically limited to diffusion limited. Consistent with other studies ͑e.g., Ref. ͓4͔͒, this transition is called "lightoff" or heterogeneous ignition in the current work. Further heating will eventually lead to homogeneous ignition of the gas-phase reactants.
In general, both homogeneous and heterogeneous reactions contribute to extinction and ignition phenomena when a catalyst is present. As described earlier, this coupling can yield two distinct ignition events: heterogeneous and homogeneous ignitions. This often causes catalyst performance metrics to be intertwined with the parameters of the specific facility used to study the catalyst ͑e.g., the flow geometry, the form of the catalyst ͑e.g., foil, washcoat, etc.͒, the heat transfer properties of the catalyst support, etc.͒. Thus, it is often difficult to compare results between different experimental facilities, and it is critical to establish clear baselines for conditions where a catalytic surface is not present.
The stagnation-flow configuration has served as a canonical geometry to investigate catalyst phenomena for many years. Researchers have used such experimental methods to develop and validate heterogeneous reaction mechanisms ͓4,5͔, to investigate light-off and the effects of catalysts on homogeneous flammability limits and ignition phenomena ͓4,6,7͔, to quantify fuel conversion efficiencies ͓8͔, and to compare catalyst properties, to name a few research topics. Among the most relevant papers, Veser and Schmidt ͓6͔ experimentally studied ignition of methane, ethane, propane, and isobutane flames in a stagnation flow. Williams et al. ͓7͔ studied methane and propane light-off and homogeneous ignition in a stagnation flow. In these studies, each fuel was found to have different ignition characteristics when the catalyst ignition temperature was considered as a function of fuel-air ratio. Ethane had the lowest homogeneous ignition temperature at 950°C, and methane had the highest at 1200°C. Law et al. ͓9͔ examined the lean extinction limits of propane/air flames in stagnation-pointflow subjected to different boundary conditions on the stagnation surface, including a platinum catalyst. They found that the catalyst did not affect the lean extinction limits at the conditions they considered.
More recent studies by Li and Im ͓10,11͔ specifically focused on the catalytic extension of lean extinction limit. Their numerical studies of methane/platinum stagnation-point-flow reactor revealed that lean extinction limit can be extended provided the characteristic time scales of the surface reactions are faster than those of the gas-phase reactions, as would be the case if the catalytic surface retains a high temperature with lower heat loss or if the gas-phase mixture is diluted. It remains to be seen, however, if the observed catalytic benefit of flammability extension can be realized experimentally.
Therefore, the goal of the present experimental study is to identify the practical extent to which heterogeneous reaction can alter and improve reactor performance and thereby verify the findings from the earlier modeling studies ͓10,11͔. In particular, we investigate the effects of platinum catalyst on lean extinction limits of methane and propane in air, with and without the presence of gas-phase premixed flames. The consideration of different fuels, as well as the nonreacting and catalytic surfaces, allows comprehensive coverage of conditions at which gas-phase and heterogeneous reactions interact at varying degrees of relative dominance. For reference, a schematic of the flow configuration is shown in Fig. 1 . A stream of gas-phase reactant mixture impinges onto a solid surface, which can be nonreacting ͑bare silicon͒ or catalytic ͑platinum͒. First, we consider the cases in which a gas-phase flame is present initially, such that the flow impinging on the stagnation surface consists predominantly of the combustion products. The lean extinction limits are then determined by varying the reactor conditions, such as the fuel/air equivalence ratio. In the second part of experiments, a fuel/air mixture at room temperature and pressure is directed onto the heated surface of the stagnation plane, such that surface-only reaction modes are investigated. For these experiments, the rate of heat release at the surface is monitored by measuring the time dependent temperature of the stagnation surface.
3 Experimental Approach 3.1 Experimental Facility. The experimental facility is schematically shown in Fig. 2 . A mixture of fuel, oxygen ͑O 2 ͒, and nitrogen ͑N 2 ͒ was impinged on a flat plate to achieve a stagnation flow. The flow was directed upward with the fuel, O 2 and N 2 mixture in the inner tube, and nitrogen flowing through the outer Transactions of the ASME coflow tube. The nitrogen coflow minimizes the entrainment of the ambient air into the reactant mixture in the inner tube. The volume flow rates of the fuel, O 2 and N 2 , and the total mixture were regulated using calibrated rotameters. The relative levels of the flow rates were used to set the stoichiometric ratios and levels of nitrogen dilution of the combustible mixtures. The total mixture rotameter was used to adjust the overall exit velocity from the nozzle, and the coflow rotameter was used to adjust the exit velocity of shroud flow of N 2 . Each rotameter had an uncertainty of Ϯ2% of the reading. The coflow nozzle consists of the inner tube ͑reactant mixture͒ with 9.08 mm inner diameter and 0.265 mm wall thickness. The coflow tube was 17.3 mm inner diameter. The length of the coflow tube was 130 mm. Type 304 stainless steel was used for all tubing. Dry compressed air ͑79% N 2 , 21% O 2 ͒ was used for some experiments instead of mixing O 2 and N 2 . Figure 3 shows the dimensions of the stagnation plane and the support. The support for the stagnation plane was constructed from type 304 stainless steel and was located 45.5 mm above the nozzle exit such that the stagnation plane was 45 mm above the nozzle exit. The plate was mounted on a translation stage, which had a 60 mm range and dimensions of 100ϫ 110 mm 2 , by 12.5 mm thick. A 0.5 mm thick wafer of silicon with a diameter of 100 mm was used as the stagnation surface. The silicon wafer was mounted on the supporting stainless steel plate using a vacuum seal. Insulating washers made from ceramic were placed between the supporting structure and the stainless steel plate to reduce heat loss by conduction.
Platinum was used as the catalyst and was deposited on the silicon wafer by physical vapor deposition ͑PVD͒. To achieve a stable deposition of platinum, a 30 nm layer of titanium was first deposited on the silicon. A layer of platinum 100 nm thick was then deposited on the titanium. A bare silicon wafer was used as the reference nonreactive case of a surface with no catalytic activity. The platinum was deposited by PVD to ensure similar heat transfer parameters would exist between the catalytic and nonreactive cases.
A 0.2 mm diameter B-type thermocouple ͑Pt/30%Rh-Pt/6%Rh, Omega Engineering Inc.͒ was used to measure the stagnation plane temperature ͑T s ͒. It was possible to measure T s in three locations radially outward from the centerline of the flow ͑see Fig.   3͒ , and the variation over the radial measurement locations was less than 20 K. The thermocouples were in physical contact with the nonstagnation plane side of the silicon wafer, leaving no part of the thermocouples exposed to the reactant flow. The thermocouple bead temperature was considered equivalent to that of the stagnation plane and surrounding support. The thermocouple voltage was measured using a multimeter ͑Fluke 45͒ and was recorded at a rate of 2.5 Hz, using a data acquisition system ͑LAB-VIEW 8͒. T s was calculated using the polynomial fit for B-type thermocouples ͓12͔.
The equivalence ratio ͑͒ is determined based on the measured flow rates for the fuel and O 2 flow rates ͑Eq. ͑1͒͒. The dilution with N 2 is defined relative to the total N 2 +O 2 flow rates ͑Eq. ͑2͒͒. The nozzle exit velocity ͑v ave ͒ is the calculated average exit velocity of the total flow exiting the nozzle ͑Eq. ͑3͒͒.
The parameters , N 2 , and v ave are controlled independently. Each flow meter was calibrated and corrected for atmospheric pressure variations during each experiment. The temperature in the laboratory varied by less than 10°C. The uncertainty in each flow meter was determined to be two standard deviations based on the calibration testing, to give a 95% confidence level. The reported uncertainty for , N 2 , and v ave was determined using the square root of the sum of the uncertainty of each flow meter squared. The minimum equivalence ratio min and stagnation plane temperature T s were determined for each extinction experiment. The uncertainty in T s was the uncertainty reported by the manufacturer of the thermocouple. The uncertainty in min was based on the variability in results obtained from identical test conditions and the uncertainty in the measurement of . Table 1 shows the independent and dependent parameters and the associated uncertainties.
Each fuel was studied with and without an ignited gas-phase flame. For the flame extinction experiments, the fuel/air mixture was ignited using an external premixed propane/air flame brought into the proximity of the stagnation plane. The starter flame was removed after the stagnation flame was ignited. To measure the lean extinction limit ͑ min ͒, the average nozzle exit velocity ͑v ave ͒ and the nitrogen mole fraction in the oxidizer ͑ N 2 ͒ were held constant while was decreased until extinction occurred. The lean extinction limit, min , was defined as the average between the lowest measured yielding a stable flame and the slightly lower yielding an unstable condition. The resolution of controlling in the experimental setup was 0.008. The surface temperature ͑T s ͒ was recorded for each stable flame condition. In the studies of extinction limit, the independent parameters were v ave , , and N 2 , To measure the catalytic activity in the absence of a gas-phase flame, the air and coflow were impinged on the heated plate until a steady state temperature was reached. For these experiments, the back side of the plate was insulated using an alumina fiber based insulation paper ͑Cotronics Corp.͒. After the steady state temperature was reached ͑T s0 ͒, the fuel was added to the mixture and the plate temperature was monitored until a steady state temperature with the fuel mixture was reached ͑T sf ͒. A change in surface temperature after the fuel was introduced indicates heat release due to the reaction of the fuel on the catalyst. For unburned reactants impinging on the heated plate, the independent parameters were v ave , , N 2 , and the initial plate temperature T s0 , and the dependent parameter was the increase in the plate temperature ⌬T s = T sf − T s0 .
Experimental Results and Discussion

Extinction
Limits for CH 4 Õ O 2 Õ N 2 /Air and C 3 H 8 Õ O 2 Õ N 2 /Air Flames. Figure 4 shows the images of typical premixed flames for the methane/air and propane/air systems. The blue emission at the top of Fig. 4 is a reflection from the stagnation surface. For the conditions presented here, the distance from the stagnation surface to the center of the flame was approximately 4 mm for methane/air flames and 2 mm for propane/air flames. The propane/air flames in general have higher flame speeds; hence they required higher nozzle exit velocities to establish stable flames. The higher curvature of the propane/air flames is attributed to the fact that the higher nozzle exit velocity leads to a more nonuniform velocity profile in the radial direction.
For the stagnation-point-flow configuration under study, the impinging gases decelerate as they approach the stagnation plane, and the flame stabilizes at a location where the flame speed balances with the local gas velocity. A larger flame speed for a given v ave will cause the flame to be farther away from the plate. Starting with a stabilized flame at a given condition, the extinction limits were measured by gradually decreasing the mixture equivalence ratio until the flame is extinguished on the stagnation surface. Figure 5 shows the minimum equivalence ratio at extinction and the corresponding surface temperature as a function of v ave , while holding N 2 constant at 0.79 ͑as in air͒. The results for both unheated ͑filled symbols͒ and heated ͑open symbols͒ surface conditions are shown. It is evident that both min and T s increase as v ave increases, implying that the flame can be more easily extinguished due to the decreased residence time for complete combustion. The higher T s at extinction for higher v ave further confirms that faster chemical reactions are needed in order to sustain combustion under reduced flow residence time. The range of velocities presented here were practical limitations of the experimental facility used in this study: A lower flow rate would result in flashback and a higher flow rate would yield flame quenching. Figure 6 shows min and corresponding T s as a function of N 2 , while holding v ave constant at 0.74 m/s. Results for the heated condition ͑open symbols͒ are shown. As N 2 increases, the flame speed is decreased due to dilution, causing a larger min at extinction. However, the plate temperature, T s , is relatively constant Transactions of the ASME with respect to increasing N 2 , unlike the results shown in Fig. 5 . This is expected because, for a given v ave with the same residence time, extinction occurs at the same chemical reactivity. The decreased enthalpy of the reactants for increased dilution is offset by the increased enthalpy at higher equivalence ratio to achieve the same chemical reactivity at the extinction condition. The range of dilution with N 2 was limited at high concentrations by the lack of stable conditions and at low concentrations by flashback. The overall results in Figs. 5 and 6 suggest that the combustion characteristics at these conditions are primarily controlled by the gasphase combustion.
Premixed
Figures 5͑b͒ and 6͑b͒ further show that T s is slightly higher for the platinum surface case compared with that for the bare silicon surface case. The magnitude of the temperature difference was clearly greater than the experimental uncertainty. The increase in the temperature for the platinum case is attributed to the difference in the radiative heat loss associated with the two surface conditions, which is primarily attributed to differences in surface emissivity. Within the observed temperature range, the emissivities of platinum, silicon wafer, and stainless steel are estimated to be 0.26 ͓13͔, 0.76 ͓14͔, and 0.9 ͓15͔, respectively. There are also visible variations in the surface finish with aging of the catalyst, which can further modify the emissivity. Consistent temperature increases with platinum surfaces were observed regardless of the surface heating conditions, suggesting that surface reactions were not activated significantly in all cases.
Despite the small differences in the surface temperature, the presence of platinum hardly affected the lean extinction limits for the methane flames. There is a slight decrease in min as the plate is heated, as shown in Fig. 5͑a͒ , which is attributed to the enhanced gas-phase reactions. However, the overall effect was found to be insignificant compared with the difference in T s between the heated and unheated conditions ͑Fig. 5͑b͒͒. Therefore, for the conditions studied, catalytic activities were negligible, and the combustion and surface heating behavior were dictated by gas-phase reaction and transport.
Flames on Pt and Si. Anticipating that surface reactions can be more active with propane/air mixtures, we also conducted experiments to measure the lean extinction limits of propane/air impinging on the platinum surface. The results for the lean extinction limits are presented in Fig. 7 and Table 3. Figure 7 shows min and corresponding T s as a function of v ave for N 2 = 0.79. Only heated surface conditions were considered at a comparable heating level as in the methane flame cases. Similar to the methane results, T s increases with increasing v ave , while the difference in T s , as well as in min , between different surface conditions is very small. These results indicate that the extinction process for the propane flames was also dictated by the gas-phase reactions.
The results for the propane lean extinction limits are found to be consistent with the results by Law et al. ͓9͔ , in which the effects of platinum on the extinction limits of premixed propane/ air stagnation flames were investigated. They also found that the propane air flames stabilized on the heated stagnation surface ͑T s = 630-800 K͒ were insensitive to the presence or the absence of platinum of the stagnation surface. If the characteristic value for flame stretch is defined as S L = v a vg / d, where d is the distance from the luminous flame sheet to the stagnation surface, the values for S L for the current work range from 2651/s to 3351/s for the The results agree well in the low velocity range considered in the present study. Law et al. ͓9͔ also studied the location of the flame at extinction. They found the flame location at extinction was slightly farther from the stagnation plane with decreasing mixture velocity. For the experimental conditions tested in the current work, the flame location at extinction was approximately constant; however, note that the range of velocities considered is much smaller than that of Law et al. ͓9͔.
Catalytic Reactivity for Fuel/Air
Mixtures Impinging on Heated Pt. In the subsequent set of experiments, a fresh fuel/ air mixture stream at ambient conditions was impinged onto a nonreactive and catalytic surface at different heating conditions in order to identify if significant surface reactions were observed. All conditions tested had a nozzle exit velocity of v ave = 0.92. Initially, only air is supplied onto a heated plate, and then the fuel supply is started at the prescribed equivalence ratio. Activation of surface reactions is then identified by an additional increase in the surface temperature. As expected, no additional temperature increase was observed with bare silicon surfaces, and the results with platinum surfaces are reported in Secs. 4.2.1 and 4.2.2.
CH 4 /Air Mixtures Impinging on Heated
Pt. First, methane/air was supplied to the heated catalytic surface. The surface temperature, T s , was varied from 300 K to 700 K, the average nozzle exit velocity v ave was 0.92 m/s for all experiments, and was varied from 0 to 3. For all conditions considered, no increase in surface temperature was observed, indicating that catalytic reactions were not activated. The observed low methane/air/ platinum activity agrees with previous studies. For example, Dupont et al. ͓16͔ reported that the conversion of methane was below 5% when the surface temperature was below 750 K. Williams et al. ͓7͔ and Veser and Schmidt ͓6, 7͔ further showed that heterogeneous ignition of lean methane air mixtures on a heated platinum foil occurs in the range of 820-870 K, which was computationally confirmed by Deutschmann et al. ͓17͔ . Such high surface temperatures could not be achieved with the current experimental facility.
C 3 H 8 /Air
Mixtures Impinging on Heated Pt. Unlike the methane/air system, however, significant surface reactions were observed with the propane/air system. Table 4 presents the results for the catalytic response of the three equivalence ratios = 1, 1.8, and 3.5 that were investigated for a range of initial plate temperatures. The average nozzle exit velocity v ave was 0.92 m/s for all experiments. Figure 9 shows the plate temperature as a function of time for a typical experiment where = 1.8 and the initial surface temperature was T s0 = 614 K. For each experiment the plate was initially heated until a steady temperature condition was achieved ͑about 60 min͒, after which the reactant mixture was supplied through the nozzle. The surface temperature then increased gradually until it reached a second steady condition ͑about 120 min͒. When the fuel supply was stopped, the temperature decreased to recover the initial heated temperature condition, T s0 . The return to T s0 confirms that the second temperature rise in Fig. 9 results from heat release from the surface reactions of the propane/oxygen/ platinum system. The temperature increase due to catalytic reaction is a valuable metric of the catalyst performance, as it indicates the strength of the catalytic effects. We define ⌬T s = T sf − T s0 , where T sf and T s0 are indicated in Fig. 9 , as the measure of the intensity of the catalytic reactions. This quantity was measured for different T s0 by changing the heat input to the surface. Figure 10 shows ⌬T as a function of the initial surface temperature T s0 for various conditions. Within the experimental uncertainties, ⌬T s appears to remain almost constant for the range of conditions. This suggests that the catalytic reactions on the platinum surface have reached the diffusion-limited mode. In other words, the catalytic activity is sufficiently high such that the overall heat release rate is determined by the transport rate of the reactant gases to the surface, which is fixed constant here. Nevertheless, there is a tendency that ⌬T s increases as the mixture equivalence ratio increases.
The steady state surface temperature with catalytic reaction, T sf , measured in the present study is compared with the results by Veser and Schmidt ͓6͔, who investigated heterogeneous ignition and extinction characteristics of propane air mixtures on an electrically heated platinum foil. Figure 11 shows the results as a function of the normalized equivalence ratio, ⌽ = / ͑1+͒, such that the lean and rich limit is bounded between 0 and 1. The flow velocity in Veser and Schmidt ͓6͔ was 0.025 m/s, whereas in the present work the average velocity was 0.92 m/s. Note that the present experimental results show stable operating conditions in a region where Veser and Schmidt ͓6͔ found no stable operating conditions. This may be attributed to a number of factors. The present experimental setup has large heat loss associated with a large surface area and surface emissivity, unlike the case of the electrically heated foil employed by Veser and Schmidt ͓6͔. In addition, the flow residence time is significantly lower in the present study due to the high nozzle exit velocity. The steady surface reaction temperature depends strongly on these conditions for heat and mass transport. Further studies may provide more quantitative assessment of these effects.
Conclusions
Experimental studies were conducted using a stagnation-pointflow combustor configuration in order to assess the feasibility of lean flammability extension by catalytic reaction. Platinum versus bare silicon surfaces were compared, while methane/air and propane/air at various mixture compositions were considered for gas-phase reactants. An additional heat supply to the catalytic surface was attempted to enhance the activity of surface chemistry. For all of the conditions considered, the lean flame extinction limits were predominantly governed by gas-phase combustion, and the presence of the catalytic surface hardly affected the extinction limits. The catalytic surface temperature at the extinction limits showed a slight, yet consistent, increase with the catalytic surface, due likely to the differences in the surface heat transfer properties. In contrast to the computational studies conducted by Li and Im ͓10,11͔, the present experimental facilities are characterized by large heat losses, resulting in catalytic surface temperatures much lower than those predicted by the modeling studies.
The extent of catalytic activity was also investigated by supplying a fuel/air mixture stream onto a heated platinum plate. For the heated surface temperature range obtained in the present study, methane/air mixtures failed to activate catalytic reaction, consistent with previous experimental findings. On the other hand, the propane/air mixtures did activate surface chemistry at a significant level, by raising the surface temperature by a few hundred degrees. The results demonstrate that stable heterogeneous reaction conditions can be achieved with propane/air at relatively low temperatures and moderate flow rates. For the conditions under study, the magnitude of the additional surface temperature increase due to catalytic reactions was insensitive to the initial surface temperature, suggesting that the observed heterogeneous reaction was transport limited. The present study provides useful new data on near-extinction characteristics of platinum/methane and platinum/propane reaction systems. There was clear evidence that propane can yield stronger catalytic activities. However, the benefit of catalytic reaction in achieving leaner and lower-temperature combustion in compact reactors with high surface-to-volume ratios should be carefully assessed by accounting for the fact that most such devices are likely subject to significant heat losses. Therefore, careful design and integration to ensure maximum thermal insulation are essential in acquiring the benefit of catalytic reactions. To this end, it is also of interest to investigate alternative novel catalyst materials with substantially lower activation temperatures.
